Abstract Immobilization of nano-scaled TiO 2 onto polymeric ultrafiltration (UF) membrane offers desirable antifouling and self-cleaning properties to the membrane, which is practical in wastewater purification only if the mechanical strength and long-term self-cleaning durability are realized. This paper reported the surface roughness, mechanical properties, thermal stability, and recycling selfcleaning performance of the novel TiO 2 /PAA/PTFE UF membranes, which were coated via an innovative plasmaintensified coating strategy. Through careful characterizations, the enhanced engineering properties and the selfcleaning performance were correlated with the surface chemical composition and the creative coating technique. In the recycling photocatalytic self-cleaning tests in photodegradation of methylene blue (MB) solution, about 90 % MB photocatalytic capability of TiO 2 /PAA/PTFE composite membranes could be recovered with simple hydraulic cleaning combined with UV irradiation. The mechanical properties and thermal stability of TiO 2 /PAA/ PTFE also satisfy the practical application in water and wastewater treatments, despite that the original engineering properties were slightly influenced by PAA grafting and TiO 2 coating. The changed properties of the composite UF membrane relative to PTFE are reasonably attributed to the variation of the surface chemical species and chemical bonding, as well as the thickness and evenness of the surface functional layers.
Introduction
Polytetrafluoroethylene (PTFE) is featured with relatively high thermal stability, excellent chemical inertness, low surface tension, and small coefficient of friction, which endow PTFE with an excellent performance in diverse applications including low friction films, seals, electronic and biomedical devices. In particular, porous PTFE membranes have found special importance in water treatment [1] , separators of lithium-ion batteries [1, 2] , pervaporation [3] , and blood purification [4] . However, the presence of strong C-F bonding and water repellence makes the application of PTFE membranes in water treatment field less competitive because of the rather low water flux. Therefore, there is an increasing demand for hydrophilic modification of PTFE membranes to fulfill the requirements of wastewater treatment.
Generally, membranes are modified via five principal methods: (1) photo-initiated grafting and miscellaneous grafting; (2) plasma treatment; (3) physical coating/adsorption; (4) chemical reaction modification; (5) surface modification of membranes via nanoparticles impregnation [5] . The current trend is to coat or incorporate nano metal dioxide particles with the bulk membrane materials to enhance the performance of the membranes, such as hydrophilicity, permeate flux, photocatalytic activity, antifouling, water purification, and pollutant removal [6] . Titanium dioxide (TiO 2 ) is one of the most applied nanoparticles due to its high stability, low cost, non-toxicity to environment and humans, chemical resistance, high photocatalytic activity, ability to mineralize organic pollutants and to kill bacteria [7, 8] . However, owing to the intrinsic non-polar linear molecular configuration of C and F atoms in PTFE, the surface modification of PTFE membranes via TiO 2 nanoparticles faces great challenges in building strong adherence between TiO 2 and PTFE. To tackle the challenges, at least two processes should be realized: (1) activating the intrinsic chemical inertia of PTFE via breaking the ultra-stable C-F bonding, (2) providing sufficient bonding sites to fix TiO 2 tightly via surface functional groups [9] [10] [11] .
Among the methods breaking C-F bonding on the surface of PTFE membranes, plasma technique has many advantages, because it avoids environmental contamination problems. Plasma assisted cross-linking and functional group attachment can also be surface-specified and leave little damage to mechanical properties of the bulk membranes [5] . It has been reported that N 2 , NH 3 , H 2 O, C 2 H 2 , and H 2 O/Ar plasmas effectively improve the surface hydrophilic properties by cross-linking or functionalization mechanisms [12, 13] . The Ar, O 2 or Ar/O 2 plasmas are used to improve surface adhesion of PTFE mainly by etching-induced surface activation and roughening effects [14] . But, plasma-generated radicals on the polymer surface would react rapidly once exposed to gaseous monomers [15] . Plasma-initiated graft polymerization might take good use of the short-lifetime surface radicals generated during the plasma activation and allow the growth of the graft macromolecular chain. Grafting density and length of the grafted chains can be controlled by tuning plasma parameters (power, pressure, sample disposition and so on) and polymerization conditions (monomer concentration, grafting time and so on). Acrylic acid is one of the most frequently applied monomers in membrane surface hydrophilic modification [16] [17] [18] . The negatively charged polyacrylic acid (PAA) layer could reduce the adsorption of negatively charged contaminants due to an enhanced electrostatic repulsive force between solutes and the modified membrane surfaces. Also, the carboxyl groups in PAA would, in turn, provide sufficient bonding sites for inorganic oxide nanoparticles [19] . This strategy was successfully applied in coating TiO 2 on polyvinylidene difluoride (PVDF) membrane using TiO 2 nanoparticles [20] or solgel [21] , however, the mechanical stability and recycling application were not presented therein.
Recently, we developed a plasma-intensified coating process to fabricate TiO 2 /PAA/PTFE composite membrane [22] , and the composite membrane exhibited excellent initial hydrophilicity, high ultrafiltration performance, antifouling ability as well as photocatalytic self-cleaning capability, which closely related to the property of TiO 2 layer. However, the practical application of such membrane must fulfill the strict durability requirements to the engineering and mechanical properties of the TiO 2 coating, which highly depends on its surface roughness and composition. In this paper, firstly, the physical and chemical natures of membrane surface were characterized by AFM and XPS. The mechanical property, the stability of photocatalytic self-cleaning in prolonged time and the thermal stability for the adoptability to strict application environment were further evaluated.
Experiments Materials
Bare PTFE porous membranes manufactured by stretching process with mean pore diameter of 0.5 lm, with PET as the substrate and PTFE microfibers to form function surface, were both supplied by Valqua Shanghai Co., Ltd. (China). Ti(OBu) 4 , acrylic acid (AA), potassium persulfate, and bovine serum albumin (BSA; M w = 67,000 Da) were purchased from Sinopharm Chemical Reagent Co., Ltd (China). Analytical grade acetic acid, nitric acid, absolute ethanol, and ethylene glycol were obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd (China). P25 was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. All reagents were used without further purification. Distilled water was used throughout the study.
Membrane modification procedures
The modification methodology was developed in our previous study [22] , including the successive three-step process: plasma pretreatment of PTFE, graft polymerization of AA onto plasma-treated PTFE to form PAA/PTFE, and TiO 2 self-assembly onto the PAA/PTFE to obtain the composite membranes. The mass-gaining rate of the PTFE membrane after introducing AA and TiO 2 to the surface was calculated using the following Eq. (1):
where R is the mass-gaining rate, M t is the mass of the treated and dried membrane, and M 0 is the mass of the membrane that the treatment is based on.
Membrane characterization
Atomic force microscopy (AFM) was employed to analyze the surface morphology and roughness of the membranes using Nanoscope Multimode (Digital Instrument, USA). Approximately 1 cm 2 of the as-prepared membranes were cut and glued on the glass substrate before AFM scanning (10 9 10 lm) under non-contact mode. A CAM110 contact angle-measuring device (Taiwan) was used to analyze contact angle and surface free energy. The surface chemical composition and functional groups of the membranes were investigated using Kratos AXIS Ultra DLD X-ray photoelectron spectroscope (Japan) and a Thermo Fisher Nicolet 6700 Fourier transform infrared spectrometer (USA), respectively. Mechanical property and thermal stability measurements were performed on an AGS-X universal testing machine (Shimadzu Corp., Japan) and PerkinElmer Pyris 1 thermogravimetric analysis (TGA) instrument, respectively.
Photocatalytic degradation of MB
Methylene blue (MB) was used as a model pollutant to evaluate the photodegradation ability of PTFE/PAA/TiO 2 composite membranes under full-arc Xe-lamp irradiation.
The composite membrane with certain area was tailored to unify the TiO 2 loading of 10 mg on the membrane, and then immersed into 100-mL methylene blue (MB, 10 mg/ L) aqueous solution in a beaker. The pH of the MB solution was adjusted to neutral (pH 7.0) using dilute sodium hydroxide (NaOH) and chloride acid (HCl). The beaker was positioned directly under full-arc irradiation generated by a 300-W Xe lamp (15 cm above the dishes) with a 400-nm cutoff filter as a light source. The MB solution and the TiO 2 /PAA/PTFE composite membrane were mixed on a magnetic stirring machine and remained in dark for an hour to establish a MB solution adsorption-desorption equilibrium on the membrane before light irradiation. During photocatalysis, 4-mL reaction solution was taken out every 15 min and filtered so as to measure the concentration change of MB using a UV-visible spectrophotometer (PerkinElmer, Lambda 650, USA). For comparison, the photodegradation of MB on bare PTFE membrane was also conducted using the same method.
Results and discussion
Surface topography and roughness AFM was used to explore the topography and roughness of bare PTFE membranes and the composite membranes. The received 3D images are shown in Fig. 1 , where the brightest area represents the highest point of the membrane surface, and the dark regions indicate the pores of the membranes. It can be clearly seen that the topology of the plasma-treated PTFE (Fig. 1b) is very similar to that of the original bare PTFE (Fig. 1a) , revealing that the network structure with ridges and valleys on the surface of bare PTFE membrane remained after plasma treatment. It is reasonable as plasma treatment mainly modifies the surface chemical bonding, and the plasma-induced functional groups are prone to be quenched by environment moisture. However, the PAA graft and following TiO 2 coating significantly varied the surface morphology and porous structure of PTFE. It can be seen from Fig. 1c that graft of PAA grafting layer not only reduced the roughness of the interknitting fibers but also narrowed some large pores among fibers, resulting in the change of membrane morphology from network to nodular structure. It could be speculated that the acrylic acid monomer adsorbed on the inner surface of plasma-treated PTFE membranes underwent grafting polymerization to form PAA coated onto PTFE which, in turn, brought to hydrophilicity of the PAA/ PTFE membrane [22] . Such PAA coating provides sufficient bonding sites to fix TiO 2 via coordination, because the abundant hydroxyl groups of PAA layer offer active coordinate sites to fix TiO 2 at higher dispersion. This speculation is confirmed by the smoother morphology for TiO 2 /PAA/PTFE membrane presented in Fig. 1d . The surface roughness of the membranes is quantitatively compared by the surface roughness parameters obtained from AFM analysis ( Table 1 ). The surface roughness parameters to quantify the surface roughness include the mean roughness (R a ), the root mean square of the height data associated with z axis (Rms), the mean height value of five local maxima and local minima (R 10z ), surface area factor (S dr , the ratio between the actual and projected solid surface area, S dr = 1 for a smooth surface and [1 for a rough one), and roughness factor (r = 1 ? S dr /100). The 2D roughness tendency can be described through the variation of R a , Rms, and R 10z , and the 3D roughness is reflected by the S dr and r parameters. The acquired roughness parameters are summarized in Table 1 and show similar roughness variation in terms of the stepwise modifications; therefore, for simplicity, we discuss one typical parameter, r, in detail, to conclude the modification influence on the membrane roughness.
Compared to bare PTFE membrane (roughness factor of 1.433), a rougher surface is introduced by plasma bombardment as indicated by the greater r of 1.635, suggesting a certain number of fiber cleavages arising from C-F bond break. The roughness increased greatly after PAA grafting although the open pores were covered by grafted PAA. This change should be the result of new polymer chains introduced onto the skeleton of PTFE. The roughness factor for TiO 2 /PAA/PTFE membrane decreased greatly to 1.275 compared with 2.132 for PAA/PTFE membrane, which may be attributed to the uniform distribution of TiO 2 and thick TiO 2 coating layer (mass gain rate for TiO 2 /PAA/ PTFE is 22 % compared to the mass of PAA/PTFE membrane). It is worth mentioning that the reduction of average pore size (listed in Table 1 ) arising from coating also contributed to the smoother surface of TiO2/PAA/ PTFE membranes.
Taking the change of wettability parameters (listed in Table 1 ) into account, it can be concluded that the modification process increased the wettability of PTFE membrane successfully with the surface free energy of 72.2 mJ/ m 2 and contact angle of 35°for the as-prepared TiO 2 /PAA/ PTFE membrane. According to the relationship between roughness and wettability established by Wenzel, the increase of surface roughness will enhance the wettability caused by the chemistry of the surface [23] . In other words, for a hydrophilic material, the rougher the surface, the larger the surface free energy, the smaller the contact angle, and the stronger the wettability [24] . Therefore, it is possible in the future to further increase the wettability of TiO 2 /PAA/PTFE membrane by reducing the TiO 2 coating thickness and avoiding TiO 2 nanoparticle agglomerates.
Evolution of C and O species on composite membrane surface X-ray photoelectron spectroscopy (XPS) was employed to characterize the surface of the bare and modified PTFE membranes for understanding their surface composition evolution induced by modification treatments. In the previous study [22] , the successful loading of TiO 2 on the modified PTFE UF membrane was evidenced by XPS. In the current work, the evolution of C species and O species is further demonstrated by the high-resolution C1 s and O1 s XPS spectra for all the samples and their corresponding deconvolution in Fig. 2a, b .
Besides the adventitious carbon at BE of 284.5 eV due to surface contamination, the main peak in the C1 s spectra of bare PTFE can be well deconvoluted into two components at BE of 292 and 291.58 eV, corresponding to CF 2 and CF bands, respectively. After plasma pretreatment, the intensity of the CF 2 and C-F bonds declined, while a new shoulder peak arose next to adventitious C1 s peak (285.9 eV), which is assigned to surface C-N, C-O, and C-OH bonds due to N 2 plasma treatment and air exposure. A significant peak appeared at approximately 289 eV due to O-C=O bonds in PAA after PAA grafting. Distinct from O1 s XPS of PTFE, an additional significant and broad peak at 537 eV in the plasma-treated PTFE is associated with the surface oxidation species of PTFE with O-C=O groups [25] induced by plasma treatment and air exposure, which diminished in PAA/PTFE and TiO 2 /PAA/PTFE due to the coverage of PAA and TiO 2 . The O1 s intensity was further increased after PAA grafting and TiO 2 coating onto the PAA/PTFE membrane due to the increased amount of O species relative to PAA and TiO 2 . The sharp O1 s and its wide shoulder peaks for TiO 2 /PAA/PTFE can be fitted reasonably into three peaks, corresponding to Ti-O (528.6 eV), C=O (533 eV), C-O and -OH groups. The results suggested that the plasma treatment combined with air exposure led not only to the oxidation of PTFE, but also to the substantial surface defluoration, which corresponds to the reduction of CF 2 peak area by FTIR analysis (as shown in Fig. 2c ). Taking into account the decrease in the F/C ratio and the increase in the O/C ratio as shown in Fig. 2d , it can be concluded that the intrinsic C-F bonds on PTFE surface could be effectively broken, and the polar covalent bonds, such as C-C, C-O, C=O, were introduced by the as-proposed modification protocols, which resulted in the increase of the surface free energy and hydrophilicity of PTFE membrane (Table 1) .
Mechanical property
The mechanical properties of bare PTFE membrane and PTFE-based composite membranes were examined. The results of tensile strength and elongation at break are shown in Table 2 . After plasma treatment, the tensile 298  296  294  292  290  288  286  284  282  280  278   0  2000  4000  6000  8000  0000  2000  4000  6000   298  296  294  292  290  288  286  284  282  280  278   0   2000   4000   6000   8000   298  296  294  292  290  288  286  284  282  280 strength and elongation were slightly decreased from 30.87 MPa and 28.15 % for bare PTFE to 30.08 MPa and 26.55 %, respectively. It demonstrates that treatment time and power used in plasma bombardment were well combined so that the break of C-F bonds by the plasma treatment (see AMF and XPS analyses) did not damage the mechanical property to some noticeable extent. Once grafted by PAA on the surface of plasma-pretreated PTFE membranes, the PAA/PTFE membrane gained reinforced mechanical strength with an increase of about 33-50 % for tensile strength and elongation, respectively. This might be benefited from covalent bonding between PAA and PTFE skeleton as well as the entanglements between polymer chains. However, after TiO 2 coating, the tensile strength of TiO 2 /PAA/PTFE membrane was greatly deteriorated to 26.35 MPa, even lower than that of plasma-treated PTFE membrane. To explain the phenomenon, the formation process of TiO 2 coating layer should be mentioned here. The plasma-intensified grafting of PAA layer could form coordination interactions with titanium precursor. The coordinated titanium precursor underwent hydrolysis and condensation reactions to generate TiO 2 nanoparticles (NPs) on the surface of PAA/PTFE membranes. The coordination interaction favors the molecular-level dispersion of TiO 2 , leading to long-term stable residence and high mechanical strength. Nevertheless, the formation of chain bridge among neighboring particles at high particle loading would facilitate the undesirable aggregation of TiO 2 nanoparticle and, therefore, retard the uniformity coating of TiO 2 , leading to unbalanced stress distribution on membrane matrix. The tensile strength of TiO 2 /PAA/ PTFE membrane is within the safe range for membrane application in water and wastewater treatment, indicating that there is room to further optimize the loading and distribution of TiO 2 NPs for improved overall performance.
Thermal stability
It is well known that the excellent thermal stability of PTFE is desirable in a wide range of applications due to its ultra-stable C-F bonds and the intrinsic chemical inertia.
As demonstrated in XPS and AFM study, the C-F bonds of PTFE could be broken partially by plasma treatment, which definitely deteriorates the thermal stability of PTFE membrane to some degree depending on the duration and strength of plasma treatment. On the other hand, coating of TiO 2 on the surfaces of PTFE membranes would increase the thermal stability of the modified membranes, since TiO 2 is thermally stable over 1000°C in air atmosphere. Therefore, it is uncertain if the established three-step modification protocol influenced the thermal stability of the as-prepared PTFE-based membranes, which may be evaluated using TGA. The obtained results are shown in Fig. 3 , where four temperature regions are marked for the convenience of discussion. As shown in TGA curves, the main decomposition regions of the bare PTFE membrane and plasma-treated PTFE membrane are located in region III and region IV. Region III occured between 410 and 550°C, which might be attributed to PTFE matrix and PET substrate [26] . Region IV was up to 700°C. The weight loss of plasmatreated PTFE membrane was a little bit less than bare PTFE membrane at the end of region III but about 15 % higher at the end of region IV. Taking the chemical reaction during plasma treatment and after air exposure into accont, the break of C-F bond by plasma bombardment might reduce the mass percentage of PTFE matrix decomposing in region III, while the generation of oxidation species of PTFE in air environment might increase the mass percentage of chemicals decomposed in region IV. Therefore, the TGA curves showed that the thermal stability of the bare PTFE membrane was damaged by plasma treatment.
For TGA curves of the PAA/PTFE membrane and TiO 2 / PAA/PTFE membrane, decomposition occured in all the four regions. Region I, before 150°C, was attributed to the loss of absorbed water. Since the water uptake ability of TiO 2 /PAA/PTFE membrane was stronger than PAA/PTFE membrane, the weight loss of TiO 2 /PAA/PTFE membrane It is worth noting that all the modification treatment may enhance the high temperature stability, while the PAA grafting exhibited the most serious impact on low-temperature thermal stability. However, in practice, the general water treatment temperature may not reach 150°C, hence the decrease in low-temperature thermal stability would not hinder the application of TiO 2 -modified PTFE membrane in water treatment.
Photocatalytic stability
The photocatalytic stability of the TiO 2 /PAA/PTFE composite membrane was tested via monitoring the variation of MB equilibrium concentration along with full-arc light illumination in the 100-min recycling tests for five times. In each test, following 100-min photodegradation, the membrane was subject to the typical hydraulic washing regeneration, simply rinsing and washing the membrane in DI water for several times until the washing liquid is colorless. The acquired MB removal rate in each cycle is comparatively presented in Fig. 4a . It can be seen that almost 90 % MB was removed in the first test, while the MB degradation rate gradually declined to 20 % at the end of fifth cycle. The declined degradation rate may be due to the competitive surface adsorption of MB and incompletely decomposed intermediates, which was confirmed by the initial equilibrium adsorption rates before each recycling test. As shown in Fig. 4b , the MB adsorption rates in dark for the first two photocatalysis cycles were comparable and very high while remained stable in the following cycles. Meanwhile, the composite membrane turned to be blue after thoroughly washing by the end of the fifth photocatalysis test because of the adsorption of refractory photodegradation intermediates. This blue color of the used membrane became shallow once treated with 15-min UV irradiation, and the photocatalytic self-cleaning efficiency was almost fully recovered, as shown in the sixth plot in Fig. 4a . Therefore, the loss of photodegradation ability of TiO 2 / PAA/PTFE membrane can be reasonably attributed to the competitive photodegradation between MB and its intermediates firmly adsorbed on the membrane in the previous photocatalysis cycles. The result not only verified the stability of photodegradation ability endowed by TiO 2 functional layer, but also implied that the hydraulic cleaning combined with UV irradiation is an efficient strategy for regeneration of fouled TiO 2 /PAA/PTFE membranes in practice. 
Conclusion
The surface roughness, mechanical strength, and selfcleaning capability of the TiO 2 /PAA/PTFE composite membrane fabricated with plasma-intensified coating process, were carefully investigated to evaluate its potential for practical wastewater ultrafiltration. The influences of the fabrication process on the membrane's surface chemistry and engineering properties were also studied. Plasma treatment may lead to surface defluoration of PTFE, and the following air exposure contributes to initiating and stabilizing the formation of polar species on PTFE, which facilitates PAA grafting and sequential tight coating of TiO 2 . The recycling photocatalytic self-cleaning tests revealed that the TiO 2 /PAA/PTFE composite membranes are very stable, which is due to the tight bonding between the TiO 2 , PAA, and PTFE as evidenced by XPS and mechanical characterizations. The mechanical properties and thermal stability of TiO 2 /PAA/PTFE satisfy the application in wastewater treatment, despite that the original engineering properties were slightly influenced by PAA grafting and TiO 2 coating. The enhanced properties of the composite membrane relative to PTFE ultrafiltration membranes are related to the surface chemical species and chemical bonding, as well as the thickness and evenness of the surface functional layers.
